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Ab.s[racf-. l;]w/]wb/e  /M/d\IvKJ is a Icccntly  proposed
tCCblK)lO~y  i l l  WbiCb  lCC(lllf’i~LlldllC  bNdW:MC  1111(ICI tbc
c o n t r o l  of a n  cvolLl(ionary  (gcnc[ic)  algori[bm  can
aLl[omalically  sclf:rcconfigLwc  into configurations with lbc
dcsiml  bcbavior.  q’his w,  OLIld not o n l y  e n a b l e  [bc 011-
dcmand  gene.ration 01 new functional ily wbcn nccdcd,  bLIl
(his could  p r o v i d e incrcascd  faul(-tolcr;  mcc, a s  lhc
bdwarc  would he able [[) cope wi[b faults  by reassigning
fLlnc(ion  c e l l s  1 0  Ink o v e r  (k Illully o n e s .  “1’bis pq)Cl-
dcscrihcs  ongoing” work at JI’I,, focLlsing 011 applications
to onboml image  proccssi]lg.
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1. lNTWDUCTION

SpXCCltlf(  ~LIK)lK)ll)y  p]~yS :1 kCy I()]C iIl fll[LllC  NASA
m i s s i o n s .  A n  in[clligcnt,  ;ILI((IIIOII)OLIS  spncccrall  must bc
able  10 cope with ptoblcn)s  i’ot  which solLl[ions WCIC  not
specified on ground, ancl dapt  itself  to ncw of cb:tngirlg
cnvironmcnk.  LJllimalcly,  all adaptations origina(c  in tbc
o n - b o a r d  clccltonics  lba( cx)n(lol sLlcb  cbangcs, ‘J’hLls, il is
in)pol-lan[ 1 0  ddrcss  otl-board”  clcclronics  w i t h  lbc
capabil i ty to cIw/\v  - modify ilscl  I 10 provide incrcascd
clficicncy  of lhc s y s t e m s  it c o n t r o l s .  Wbilc for analog
circ L[illy  il is  clear why circ Lli[ nmdificalions  arc nccdcd
for  ]l)oclifyirlg/21cl:lj)[  itlg Ibcir  pcrlormncc, lbc  adaptation
0 1  C(ItllJ3LllCt--l-Cl  alCCl fL]nclions coLIId, in p[-inciplcj  bc
contro l led  by  sof[vmrc  ]-unning  (m gcncl~li  pLq)osc  flight
processors.” }Iowcvcr, bardwarc  wi(b a d e s i g n  op[imi7,cd
f o r  c e r t a i n  functi(malily  w o u l d  ptovidc  m u c h  bigbcr
p r o c e s s i n g  powct,  SLICII incrcascd  pCrk)I-IIIanCC  cOLlld  bc
achicvcd  u s i n g  r(’(’())!/i#/ll(i/)/(’ }I(IrdItY/rc, iol e x a m p l e

built wi[b ficl(l-[)r[)gr:~ tl]lll;(hlc ga(c arrays  (1~1’CJA).  At

L’on[LgLll’il(ion  mc designed by humans.

}l]w/lwb/e  h(id]twrc  i s  n new, lccbnology  i n  which
t-cconfigL!r~\blc hmlwarc  u n d e r the control of an
Cvolulionary”  (gcnclic)  algorithm cm automatically sc.tf-
rcconf ’igurc  in(() configurations wi(b the dcsit-cd behavior.
‘1’his woLIld not only  enable Ibc 011-dcIIIand  generation of
ncw functionality wbcn  nccdcd,  bLI(  ibis coLlld p r o v i d e

illCIC:lSCd  filll!(-to]cl-~  ltlcc,  as tbc bMLi\\I;Irc  \VOLl]d  bc at)lc

[(l L’opc  wilt)  f21111(S  b y  rcassignil)g  fLlnL’(i(ln  CCIIS  to t21kC
()\’cr  lbc I’alllty  ones.

Vigurc. A  scbcnm(ic L’wL’cscn~:l~ioI~  of” cvolvablc
bwdwm which, tbr(mgb a succession of cbangcs  of i(s
c e l l  f u n c t i o n s  and connc~livi[y p:lllcl’ns, Icwbcs a
S11  LIC(UIC plL)dLIClflg  :L dCSilCd lCSpoIISC  (bCIC, it Sil)C  W21\’C).

I14f/itf,$i( li}lW  tclcrs  to cvolLl(ion”  i n  a sof[www
siluLlla[ion us ing mmlcls  0 1  tbc bml\\wrc  bcbavior,
d o w n l o a d i n g ”  (IK cwnfigLIra(ir)n  of the best evolved
:ll”CtLitCC(LllC  [() ploglllllllllablc  Ilardw’al-c,  i n  i)lfri)l.vic

cvolvablc  biLrdware  ([() which  mosI of’ tbc f o l l o w i n g ”
discussion applies)  conllg Llra(ion” bits [IIC i(clalivcly
dol$jldo:ldcd”  k, bd~~l~lc,  cdLl~tillg  :~ dCgICC O r
:~(l[~l)[:l[iorl/l’itrlcss  by observing (IIC bcbav  ior of [hc real
bW”LiWXC.

}Iardwtwc cvolLllion”  is pcrf(wtl]cd through  a succession 0[”
CbWl~CS o f  CICllLCl)(Wy  Wit fLlllC(ioIIS  :111[1  L’C]t ill(Cl--
L’onncclivi[y  pattern, tbLIs obtaining itLcl”casiI)gly  more fil
configL{r~~(i(ms  until a target f_Llnclionality  is rcachcd.  As it
is  the C:ISC  in I):IILIIC,  cvol  Ll(ioIl  rcsLll  M in indi\,  idLmls  (lEI(
arc incrc;L singly  more adaplcd  10 Ibcir  cnvimnmcnk,  and
C; III cl Iangc lhcmsclvcs  10 m:l[cb  clmngcs  in cnvit-onmcnls
Llnd l))odlh  C:lli(lllS  of” lbCil OW’11  ~L)21]S. Unlike in na(Llrc,
cvolulion”  in silicon has ttlc  ;Klvmtagc  tlmt L ’ m i l d  bc
cxlrcmcly  rdpid, wilb t))iliiorLs  or gcncr2Llions  or  “ l iv ing”
cite.Llils c\wlLIa(cd  in only a fkw sccon(ls,

}Imlw21te  c\olu[ion”  cat) bc s e e n  as [In omcbip scatcb  I’(M
lbc citcLtit/cot)lI  gL[t;l[ior]  w h o s e  bcbavior  is CIOSCSI  to [bc



“

b rcq Llird  Onc (e.g. gives bcsl ~>crf(Jt-lll:lrlce/21  clzlf](;l(i(J1~ (0
lhc envimnmcno. ‘1’hc sLliklt)ili[y  for a pal-alkl  Imdwarc
itl)l>lctllctl(iitiot) 0 1  cvolvablc  t)adwarc,  wi[l)  mLll(iplc
“islands” of coI)cLIIIcI)tly  evolving cilcLli[s  on tt)c same
cl)ip,  or in a nlulli-chip  Or slacked  cOnfigLlt-a(i  Orl is \~cry
a((raclivc.
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Figure. I’atallcl it)l[)lcrllctlt:l[ioll  for cvolvablc  Imrdwarc

~’llc gl”aIILllality  Of Ilmdw;llc’ bLliiding blocks  for III(M
:I((cmpling intl insic c\wl\d~lc hmlwarc i s  cuncntly
in flLwnccd by (hc avail  at]ility  of ccr(din  l>rogl:lll]l]]:iblc
dcviccs.  ‘1’hc pa[”)cr plcscn(s  ICSLII(S Of simLllalcd evOILllioll
at lmnsis(Or  Icwl ad discusses on the N)lc Of the lc\Jcl Ot’
graflLllari(y and c\wlv;LtJility.

in [his papct., \\c wilt briclly  review the s(;itc Of lhc art in
the emerging field 01’ c\’(JlvatJlc hardware, and idcnlify  lhc
cri(ical  issLlcs w h i c h  m u s t  bc dddrcsscd  in (mlcl  Iw the
applic:i(ion  of” (his ncw technology”  (() bc fcasit~lc to N A S A
missiOns. Wc will lhcn dcscrihc early rcsLll(s Of ongoing”
rcsc:Lrctl at J}) l ,  on Cvolvdl[c  hwdwwc  (Ihcsc  arc twic[ly
dcscribcd  below).

2. ~liI.Al’l;I) WORK

‘1’his sccliOn briefly tc’views lhc I-clalcd wmk  in lhc field
01’ cwl \zihlc  tlardwarc.

“1’twlnpson  [’J’l]()()6il,’ltl(~9(~t>] Llscd a gcnc(ic  algmilhm
[11017S1 to evolve a Xilinx  XU)216 l~P(iA c(mfiguratim
10 pcrlm]] tone  CIiscritllit}:i(iotl bclwcct~ 1 kllz and lokIIz,
wa\Jcs ( b y  s e a r c h i n g  (Iw sp:~cc of p(wsil>lc  }~}’(;A
cOnfig,LltatiOn  slt-ings).

}Ii.guchi cl al [} Ihl I+97] dcvclq>ccl  [i cus(om  1~1’GA in
which  funcliOn t]locks  pcrl(wIn ari(hmclic  fLlncli Ons, in
additi(m  to ICJWCI-l  CVC1 logical  lLlnc~i{)ns (slamtad I;l>~IA
fLlncli(ln  hlOctw pcllwm Or)ly 10gical fLlncliOns).  ‘1’hcy
tlavc stI(I\\’11 in simu]a[ion  ltla(  Ii)is cLIs({Jm  1~1’(;A can bc

LISd (() c\ ’(llvc inmge compression” algorithms and
cqLu\li7crs.

Koza C( at [ Ktl AK96]  hn\’c applied genetic progmmming
10 evolve  a wfidc rdngc of an:ilog  circuits. ‘J’heir syslcm
gcllclalcs  S1’ICli simLl1211atl[c  Ilc(lisls,  Howe\’c l ,  alttloLlgll
ttwir evolved solLlli Ons  can hc simulated, lhcy cdn not bc
ilnplctllcntcd  in praclicc (c, g., i d e a l  cOInpOnctI(s arc
WLIIIICC]).

Ilctumi  C( a l  [11}1S97]  -  have  dc\Jclopcd  the AdAM
sys(cm,  which  LIscs gcnclic  plOgmmming  to gcncratc
V I I I ) ] ,  d e s c r i p t i o n s  Of digital  har(lwwc.  ‘1’his cflml is
closest  in spirit to OLII own al)pt-each. However,  lIcmmi  ct
a l  Ildvc  ( r e l y  Icpollc(l  I’cslllls using  a loy problclll  (t[LC

silllLllalcd :In( tt;iil-follo\\,itlg” (rulviga(iOn) pwblcm, \\41ict]
was in(r(dLlccd in [J(U)2] and i s  a SI:IIKINXI  ~CSIhCCI

pl-oblcm in (hc cvolLllionaly” com I] Llting community),
l;ul-lhcrlllOrc, in cOmprisOn  wilt] t h e  s-cxprcssiOn
rcprcscntalion  wc LMC,  VH1)I.  is a signil’icnntly  lo\\,cr  Icvcl
rcprcscnlaliOn  larlg Llagc (:LS wc nO(c below,  \vc bclicvc
lhal lhc USC Of a h i g h - l e v e l  rcplcscnta(iOn  is ci-Llcial fOr
scaling  LIp c\IOlvablc hardwwc  10 cwmplcx,  higll-lcvc[
[:lSkS SUCtl  as im:tgc processing),

W h i l e  t h e  prcviOLls WWA sLltllmarizcd atx)vc  has
dcmonstr;l(c  lhc potential Of self-rccotlfigLllitlg har(lwrc,
ttlcy present several In:ljw  Opcn pmhlcms which  needs tO
bc ;ddrcssc(l in (mlcl  for sell-rccolll’lgLlril~g hmlwwc tO
tmx)tllc  il vid]lc  lccht]olo~y” for J}>l , / N A S A .  ‘1’hcsc
include:

●

●

●

.scalitlc~  10 ({))tt/)l[’.x/lli  g/ic’t-lc\’[’l  pr(d)/cIII.v: call

Cvolvatltc  h:lldwalc bc q~l)licd lo colnplcx  (asks
which  arc of intcrcsl  to JPI , /NASA,  sLlch as image
pt(rcssing? With  (hc cxccp(iorl  of lhc work at Ii’I’I.
[}lh41+971, the existing \LOIk ot) c\olvablc hmdware
f(JcLlscs (m ] o w - l e v e l ,  aiwl(~g  tasks  [ Kt]AK9(j]  M(1
“(q’ prot>lct~~s’” SLICI1 as tOt]c d i s c r i m i n a t i o n
l’1’t109(l:l,’I’l1090tl]  and s i m p l i f i e d  naviga(ior]  (asks
[lltIs971,

gcllc)(llif~:  1s it possit)lc  (0 dc\Jcl(Ip  n gcIIcI:I1-lILIIl)  osc
cvolv:lblc  t)mlwarc  systcn)  which  can hc :q>pticd
e a s i l y  to a \\i(lc mngc  of I:isk s’! ‘1’his  wmld bc
prclkdlc tO rcq L[iring  ltla(  a s[I:Iccct:ll’1/robol”  tulvc
omhmtd a diflkrcn[  systcm  I(M e v e r y  a p p l i c a t i o n
\vl\icll rcqLliws :~cl:~l>t;t(i(~ lllsclf-c(>ll figilr~ltioll.

cot)lttf(ditj  lc(iltlolo~)  ,f~)t- digital  tc’c{)t!figr(t(ll)lc’

/lf/t(/)lw)c:  IS  i t  pmsihlc 1(, usc itlclLls(ty-clc\  ’clo[)ccl
iIdw:irc  pla(foums (i.e., l;icld  }’rogt;illlf]l:tblc G a t e
An i[ys) ;IS lhc undct-lyirlg rcconfigLlrd~lc  hardw’arc
pl:llfO[ln’?  “1’his  WK)LII(l  Ict Lls lcvcragc  II]c  s i g n i f i c a n t
industry  I{&I) invcstn~cn( in 1~1’GAs and plmvidc u s
with a Statdc, higl~-pcl fol”mm’c,  lCLY)llfi~U1/lb]C
h: It(l\vaIc platl’mm. Whi le  prc\,iOLis  resc:wchcrs  have
usd c<lmmdi(y 1~1’CiAs [’1’ho%:i,~  111 S97],  (IICSC
II;IVC been rcs(ridcd tO toy pmblcms, and the qLlcstiOn
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in this scclion,  wc dcscribc  ongoing  work \vllicb  seeks (()

a(ldtcss  all  tbl”cc  ()( (IIC above  issllcs:  W c  tl:lvc dcvclopcd
all a p p r o a c h  in wt]icb algori(tlms  (rcprcsen(  ccl as 1 .isp
fLlnctiOns) arc cvOlvcd using  g e n e t i c  progralllmirlg
[ K07,921,  ‘1’ksc a l g o r i t h m s  arc tbcn  Illappcd 011(()  a
c o m m o d i t y  rcconfigLlrablc  Imdwarc  platlbIIN,  e .g. ,  a
fiel(l-l>t(,glitti]  ll]ziblc  gale atL ay (l U’GA)  Llsing  VI ,S1 ~Al)
b i g l ~ - l e v e l  syn(bcsis  1001s. l’t-climinary  tcsuils will) ibis
apprmcb in lbc dom;iin  Of’ lmslcss itmgc Lwmprcssiorl  arc
Icpollcd.

Most e x i s t i n g  wotk  on digi[nl  cvolv:ib]c  bmlw:m  i s
fLIllcl:ttllcIll:illy  Iimilcd  in scaldbili(y  s i n c e  (tIcy a d d r e s s
cvolu[ion  at too low a Icvcl  (II abstraction (i .e. ,  f inding
good tmrdwarc  c(mfigLm[i(ms  :[(  tbc  }1’I’GA  c(mfigLm[i(m

bit s(ring  l e v e l ) .  “1’bis i s  atlalogoLN”  to trying  10
a u t o m a t i c a l l y  gcncratc  complex software  progtam  by
scwcbing  [k space of al l  possible bit strings, and i[ is
Llnlikcly lbal  ibis approach will scale to c(mplcx (dsks.

“1’bc OrIly existing digital c\folvablc  hatdwdrc  wmk  Otl a
nOmlOy  pmblctll  i s  lbc cv(~lLlliOn Of inmgc cOnlprcssi  On
algmi(bms  and cqLmli~,crs  b y  }Iiguchi  C( al [ t IMI+97  ].
Hmvcver, tbcit-  Wolk rcq Llilcs a cLls(olll-clcsigilccl digildl
rccOnfigulat>lc  Iladwulc  platfot  111  it] v,,ljicll  cilcll lunc(i(~n
block i m p l e m e n t s  r e l a t i v e l y  b i g t l - l e v e l  ari(bmclic
fLlnc(ic)ns ( i n  mlnpwison  wi(b standard  1~1’GAs, in wbicb
cacb  functim block  itnplcmcn(s  logical  fLlnctions. lim
digital Cwlvablc tlmlwalc, it is (lcsirablc  to usc
commodily rcc(mfi~L[rablc  {da(t’orms dCVC[()[lCd  b y
in(lLlstry ( i . e . ,  111’GAs),  i n  o r d e r  to Icvcragc  in(lLlstly-
drivcn  Iccbnology improvcnwnls  (c. g,, rccot]flgL[t:l(iO1l”
speeds, clock speeds, ct~ip  si/,c,  powci  c(msump[ion,  cIc.  ).

Wc propose an ap}mmcb in wbicb  ([/~o/il/l//l.v  lbat solve
(bc problctns  at-c  aulomatic[i!ly  gcncralcd  and adaptccl as a
bigb-lc\cl  pt-ogramming  langLmgc  fLlnclion ( s p e c i f i c a l l y ,
I.isp .Y-(’.kyjt(’.vi[))l)f)f).  W c  w i  I I  :qq)l y  (bc gcnc(ic
pt-ogi  amming [K07,921  (cchniqLlc (gcnc(ic  algwithnls
a p p l i e d  (0 s-cxprcssi  Ons) (() scmcb  for s-cxprcssi Ons 10
:]cllic\’c/ol~~illli~,c  bcbavi(m OD (I)c task.  ‘1’bcsc  algmitbms
(s-cxprcssiOns)  arc tbcrl m a p p e d  01](0 d cOmm(di(y
rcconfigurablc bard\varc  pla(f(mn,  c,g.,  a  ficlcl-
ptogl  ammablc  gn(e at my (1~1’GA)  Llsing  VI  ,S1 (~A[)  tligb-

lc\’cl  syrl[bcsis/silicon  con)pila(ion  IOOIS.  ]kb 01 [Ilcsc
componcnk  w i l l  bc disc  Llsscd  in m(wc dc(ail  below.  A
protolypc  syslctll  based on (tlis  qqmmcb wws implcmcn(cd

for lbc  ldsk 01 Iosslcss  image c(]mprcssi(m.

W c  bclicvc  tl):it bigll-level abslmctiOns  ate essential in
Ordcr fot a  scllrc. tl/()[}litl]i 7,:lli()tl alg(]ri(hm  f’w cvOlvablc
hmlw:wc  (() lind sOlu(iOns (() cOmplcx I:isks. IrI g e n e r a l ,
IIlc ploblctll  01” colnbin:llol” ial sciirctl/ol>(i tl]i7,[\tio Il” in
n(ln(livi:(l scm’b spaces rcqLlitcs tb:l( lbc search :Ilgoritllnl
is /Ji(i.sc(/  10 scaILII (bc regions  ol tbc scare. b space  w,bcm
g(xd solu[ions  arc Iikcly  to cxisl  (otbctmvisc, tbc scarcb
algori[lllll  wmsks all of its titllc looking  :1( r eg ions  wbcw
tbcrc  aIc no g(md solutions). ‘1’bis  scwcb  bias coIIcsponds”
to tllllll:ll)  CXPCI-(  kl)()\V] Cd&T \vliicb i s  a p p l i e d  tO an
(l(bcm’isc  in(ractablc  problcm  to m a k e  it (t:ictablc,  “1’()  do
ibis, v,,c need to in]posc  struclufc  on lbc scmcb space. ‘1’tlis
is n(~t possible \Yllcn  tbc I-cprcscntalion  of lbc S}MCC (bat is
b e i n g  i s  scnrcbcd  is ((m 10w lc\cl, l; O1- cx[imp]c,  if lbc
rcprcscnt;i(ion  of (bc spncc  is (IIC set 01” [Ill pmsibtc  l;l’GA
corll’lgur4tion”  sirings, this spdcc  is mLIcl) t(m lo\v level lot.
u s  10 ollSCl\’C/ll  lllloSC”  any S([ LICIUIC lb;lt wOLlld  bc o f  LISC
\vbcll  tl~il)g 10 :Ill((mm[ica[iy  cotlflgLIl”c  (bc 10’~JA to
pcrl’oml  a ilnagc  ptt)ccssirlg  :ilgmitbm.

‘1’llus,  \\Jc  propose”  tbc u s c  ot’ a bigt]-lcvc[,  progtxmming

Iongu:lgc  as lbc  I-c[llcsctlt;lliot] o v e r  \vbicb a scawb
~ilg(wi[bm s c a r L ’ t i c s  for  candi(latc  sOILlti  Ons tO a sclf-
conl’igut ing tulrdwarc problcl]l.  II) palticulm,  \vc p r o p o s e
lbnt \\’c  LIW 1,isp  s - e x p r e s s i o n s  (bnscd  on tbc ] .ambda
(’:IICLIILIS  of” (’burcb)  as tbc spncc  \vllicb is being scarcbcd,

‘1’tliS Cll[lblCS  11S (() :Ipply tccllniq  Llcs dc\’eloped in
:Iutomatic  [lrog[iitl)tllit~g, SLICII  m gcnc(ic progratnnling
[K(,Y921 I,, cll’cclilcly sc:llctl  101 :Ilgc,titlllllic  sc,lu(iOtls l<,
a given (;tsk. ‘1’ha( is, wc sc~wcb (bc s p a c e  of possib[c
~~lg(~ritbtlls Ik)r a solu( ion to a problctll,  ratbcr  t h a n  (bc
spauc 01 till  possible tladwaw  col]l’igLlr:ltiolls.”  “1’bc  s p a c e

of nlg(mi(llms cxprcsscd as I .isp s -express ion  ptovidcs  LIS
v.’itb a scwcll  spiicc  \\41ict)  is significantly mom  anlcnablc
to SCat-L.ll  lot g(md solL[tions,”  l;ot e x a m p l e ,  w c  can rcs(ricl
ltlc  Scal”ctl  sp:lcc  10 ttlc SC( ()(’  all lik(,ly s o l u t i o n s  b y
rcsllic[ing  (I]c se t  o f  fLlncliotls otd lcrluinal  S C( S  (bat cntl
bc prcsctlt  in a candidalc  s-expression,

‘1’bc scarLtl (cctlni(lLlc  wc apply is genetic [Jroglilllllllirlg.
l’ionccrd  b y  KOY,a  [ K0z,921, (I1c (cct~niq Llc Ims b e e n
applied or) n \vidc r:tngc (JI practical pmbtcms including
t(ix~( control” and imngc p r o c e s s i n g ,  Wllilc  standard
gcnc(ic  algorithms [11oI75] [ypically  apply biologically-
it~spiw(l Cvotuliowll”y” opcrak)t”s to fi.((’(1-1(’trgtlf

rcprcsctltntiOns  Of task sOluti Ons, gcnclic  p r o g r a m m i n g
applies :Ilullogolls” opcr:i(ors  (sclcclion,  CI(MS(JVCI,
Illll(diot)) to tlL2C-S[lllC(UICd dil(:l Stl UCtlllCS SLICb 11S I /1S1’ S-
expressions. I:iglllc 3. I sllo\\,s  ;11}  oll(lillc  of an

c\,(ll Lltionnry :Ilgot-ilbm. i n  genetic  l~togr:lllllllitlg,  tk
in(livi(lunls  in (IIC popLila[ion arc 1 ,isp s-cxpmssions.  1  ,isp
s-expressions wc lICCS wbcrc  (tic  lca\Ics  a r c  lcrtninats
(citbcr s[titc  d[t(:l  or cons[an[  valLIcs), and (bc internal
n(des  aw (unctions.



. t.=o
initialize P(L);
e v a l u a t e  P ( t )  ;
while n o t .  t e r m i n a t e  do

P’(t) := r e c o m b i n e  P(t.) ;
pff(t) := m u t a t e  P ’  (L) ;
e v a l u a t e  P ( t )  ;
P(t-il) := select ( P ’ ’ ( t )  i  Q) ;
t:=t+l;

e n d  while
l~igurc:3.  1 Algorithm  SCIICDM  1’(JI :It)  cvolu(ior~:l[y
alg{)riltlm 1) is a popLllaliorl of’ cdmlida(c  solutions;  ~) is a
s p e c i a l  SC( o f  irdividLlals  (lull has to bc cotlsidcrcd  I’()]
sclcclion,  e.g., Q=l’(t).cv;il  LIalc applies a (Ioill:iitl-sl>ccific
ot>jcclivc furw(ion If) compuk  a  obicclivc  fLlnc(ior~ WIILIC

for  a cmrdidak solution (individual)’

I’hc cnd  pmdwt 01 t h i s  comporlcn(  o f  lhc cvolvahlc
Imdwarc syskm is a I,isp s-cxprcssiotl  (SCC l~igLlrc 3.3 for
sample s-expressions evolved for au image comprcssioli
application).

‘1’hc otbct”  majm  componcn(  in (he sys(cm  is responsible
f(w mapping of the s-cxptcssiorl  which  solves a pmblcm  10
a 11 ~CILl:l] configuration bi( sking w h i c h  LM bc

doWll]OdCd  to a rcc(mfigulabk  tl:ll”dw:lrc  platform  Suctl
tis an l;P~IA,

‘1’krc i s  a  s i g n i f i c a n t  b o d y  o f  rccctll  work in [I]c
Iilcctronic  l)csign  ALltoma[ion  (VI,SI  ~A1))  tcscat-cb
Cmmlllli(y 011 lligli-lc~  ’cl.V ytl  tll c.vi,v and ,si[ic[~t)

fol~lpil(ltiotl,  (hc ptoblcm ol lmnslatirlg  a progmruming
l a n g u a g e  lc\wl bcl]:l\’ioral  spcciflcalion of bardwarc  10 a
hdwarc  layoLI1. Wc p r o p o s e  10 Icvctagc  lhc cxisling
syntbcsis/silic(~n  compilation  tccbnology to e n a b l e  (1IC
nmpping  frolu  OLII t l i g l l - l e v e l  algcwiltlmic sol Lllions 10 lit]
ac(LK~l  }~1’IGA nlapping. ] tKICCCl, 0111 [)1”01)OS:11”  fol ttlC

aLl((mm(ic  gcncral  ion of’ s-expressions wbictl  serve as tbc
bcbavi(m[  Imrdware spcciflca(ion  fot-  a  [’AI) sys(ctu  cat}
be c o n s i d e r e d  a natLlral  cxlcmion  to (k cdpabililics  o f
silicojl  compilation lccbnology, and k [Ipplic  aliens f(w
all(olurl  (cd I)aldw’alc design  for applicaliorl  s p e c i f i c
hadwarc sys(cms  (ASIO),  as well as for self-cor~llgllt-it~g
tlalclwal’c  Syslcnls.

I’hc Curt-cnt s(a(c 0{ lt~c art in silicon compilation” is such
Ibal “well-behaved plo~l”<UllS”, arc  c:isily  m a p p e d  (o an
l;I’GA c(mfigLwati(m. “1’hc syslenl  wc ptoposc 10 u s c  i s
lIYPIiR [~ P’1’K891 (clcvclopcd  ill UC Bcrkclcy),  which
ldkcs as input cxprcssioms  in the Silagc  dd(aflow’
p r o g r a m m i n g  language  [Hi185].  ‘l”bc lransta(ior)  from tbc
s-expressions gcIIcIatcd b y  our g e n e t i c  progranuuing
syslc  I I I  10 a Silagc  diltallow  cxprcssiotl  (wbicb  i s  (t)cn
inp Lll 10 }1’I’PI;R) is a very straigb(forward  process and is
C:lSily :lLl(olUZl(Cd.  ~LlllClltly, tl)c  ttansla(ion  i s  done  by
Imnd - wc arc now dc\wloping a  s - e x p r e s s i o n  10 Sil:lgc
(Ianslalol.

‘1’tlc (lLllpLl( of (be si l icon compiler  can bc d o w n l o a d e d
dircc(ly  to a  SMII(IWC1  1~1’~IA such as (hc Xi Ii[lx I;lWAS.
Note  (hat the colnpilcr c:~t~ bc modified (() tatgc(  a range  of
Ilwdw’:llc pla(follns,  so (ILII  apploacll  is not dcpcndcr)(  on
any pal”ticul  at” platform, and i s  r e a d i l y  applic(l  (o ncw
(Iigi(al rcconflgurablc  kudwate pldl fortns  wllicb  may
bcconlc avdilablc  in (Ilc  lLIILIIC.

Ol)litlliz(l[iotl  of’ ll({rdb~wtr f)lclrics

W c  Ilzlvc  prcscntcd  a (Iccollll>osi{iotl  o f  (Ilc sclf-
con figul ing }Idl-dw’al-c  sys[cn]  inlo 1 ) a genetic

pr(~grammitlg systcm wbicb  gcncla(cs an s-cxprcssiou
(algorithm)  (0 pcrfortll  a g i v e n  t:isk, and 2 )  a silicon
colupila(iorl  sys(cm  which  (dkcs (hc s-cxprcssior~  and maps
i( (Jt]I() at] }~}’GA coflfig  Llra(iml,

OIIC polcnlin]  COIWCL’11  about  OLII’  approactl  i s :  s i n c e  IIlc
gcnc(ic plogr:lmnli(lg  syslcm  is opcra(itlg  al (tic  l e v e l  o f

:Ibs[lact  :(lg(witblns,  bow’  C;LII \\’c (Iptimiyc  trditionill
}mtdwwc  Inclrics  in (hc rcsLll(ing 1~1’LGA m:lpping  sLlch as
b:lld~’:llC :IIL’:1 LIStl~C,  POW’CI  C(NISLllUpti(m,  :lld CtoCk 121(C
( s p e e d ) ’ !  1 (  i s  ilupotlan(  to 110(C Illc (Iiflkrcncc  bcl\vccn

(//~(~ri////l/i(  tticlric.v,  e.g., Ibc conlprcssion” mlio  in a image
compass ion  alg(wiltlm, a n d  }i(itd~twtf’ ittlj)lc’tll(’trt[itiotl

/ 1 1 (  ’tt”i(’.\  SLICtl  :1S POWCI  C(HISLllUpti(H1.  ‘1’bC follllCl  tlrC
p r o p e r t i e s  w,tlicb  arc in(lcpcn(lcn(  ol (bc tlardwm
itl~[>lcrllc[l(:iliot]  and can be  easily  mcasLIrcd by c\’al  Lm(ir]g
Il)c a l g o r i t h m i c  rcprcscnlalion,  wt]ilc tl)c I;iltcr  can nol bc
c(mplctcly  c\JalLuLtcd  unlil ti)c lmdwarc  m a p p i n g  i s
:l\’;lilablc.

Since a c(It])plc(c,  dclzlilcd IIl;[pping of an s-expression to
:111 l:l’(; A nmpping  is a titllc-col~sLlll~illg  process ((he l~igl~-
lcvcl sy[]lhesis  cat) be done  in aboLI( 0 .5  mitlLl(cs; dcmilcd
]dyOLl[ L’;I1)  t:lkC :lboLl(  ().5 boLll”S),  W’C  C:I1l  11O( ;If(’d to
X(lldly  pClf  OUll  (tlC fLlll lll:lppitl~ (O tli\ld\YNC  f’{11’  C\’Cry
cdndidalc  solution  tba( n e e d s  10 bc C\’211LlLl(Cd  by tile
gcnclic  Iltog[:illllllirlg  sys(cm  (a t y p i c a l  rLIn ol a  genet ic
programluing r e q u i t e s  Itlal  tlloLIS:llldS  ol candi(liltc
so[u(ions  be CV;ll Lld(Cd),

];ol(LlllZl(Cly,  tbC1’C  [II”C [llg[)li(tllllS (C.~., [ 1{1’~ ] 1) tb~( GLll  bC
U S C( 1  (() cs(illmle  lbc bardwaw  mcltics  of Ibc rcsLllting
l;l’CiA  m:ipping 11-OIU a b i g t l - l e v e l  alg(witbmic  bctm\’ioml
spccific:ilion (i.e., (t~c  s-cxptcssion).  Algorithms  o f
\’arioLls Ildclitics  e x i s t ,  cwlbling  a (Iadcofl bc(w’ccn the
s p e e d  at w’hicb lhc hmd\varc  mc(rics  can bc cslimalccl
(mngirlg  from o. I Sccorlds  10 up a f’111],  :lc[ll:ll p l a c e  and
I“OLI(C WtliCtl  (dkCS ().5 tl(lLlrS)  ~ld tllC ilCCLll:lCy  O f
cstima(i(m  - tbc longer  lbc till~c  s p e n t  ( m  tbc cstimnti(m,
(tlC II)OIC  WCLII:IIC  ttIC lCSLlltS.

‘l’tlusj  i( i s  p o s s i b l e  10 add csfilualed  Ilal”clw’alc

illll}lctllcfl(:ltioll nlc[rics Sllcb a K Speed and powct
consLlmp(ion”  (() tbc objcctivc  fLlnction  used by tbc genetic
pmgralulnirlg  s y s t e m  for ttlc  cvolLl[ioll”  of (IIC S-
cxprcssi(ms. Ily  doing  i b i s ,  \ic cm sitlllllltltlcclllsly
(jp[illlizc :Ilg(milbtllic atl(l  Il:ll”dw:llc illllllctllctl(il(iorl
nlctrics.



‘1’0 &tNonsl1211c  (IK viahil  ity of oLlr qqwoacb,  wc

dcvclopcd  a  pm[otypc  gcnc(ic programming  system  t o
pcrrolm adaplivc ilmgc comptcssion  tmscd o n  a
prcdiclivc coding cwtnprcssion algorithm. Ilnagc
c o m p r e s s i o n  i s  an prottlcln  o f ’  s ign i f ican t  in  space

appl ica(ions bccausc [bc c(~t]ltllllt}ic:l(i{)tls bmdwid(h
bc(wccn  a Spm’clilf’( nncl  gI(lund i s  Iimi(cd.  At]
aLItonomoLIs”  spacccrafi  sLllficicn[ly  f“ir f r o m  liartb  (hat
needs 10 send scicncc  da[a (itlmgcs)  needs 10 maximdlly
c o m p r e s s  lbc  inmgcs  g iven  lbc  Iimilcd  collltllll[lic:l(iorls”
bnndwidtb.  BccaLIsc  i m a g e cwmprcssion  i s  cx(rcmcly
coll)JILll:l(ioIl:lliy” inlcnsivc, a fast, b:ml ware
itl~[~lctllcr~(:~(ic)tl  O( a Lwmpt-cssion  algorithm is desirable. A
self-conllguring bardwarc  syslcm  coLtld  bc LISCCI 10
[lLl(ollHlliCdly ,gCncla(c a Il:irclw:lr-c-l  };\sc(l image
comprcssiOn  algorittltll  which  is specially adapted for lbc
class  Of images C:lpt  Lll”Cd  by tbc Spacc(.wlfl.  Cllt’l”cnt  Slate
of [bc arl losslcss  image compression alg(witbms  incl Ldc
ttlc~A1.]C~  :llgol”iltll~~o  fWLl:\t](iMctl~O1)  [WM97]  and tbc
IKXX-I algorilbnl  o f  Wcint>crgct-  c1 al, [wss~fi],
Reviews of’ losslcss  image compression can hc found in
[h4W97a,h4W97b].

l;o ran initial  I]roofolcotlccllt, wcconsidcrcd  tbct askof

Iosslcss image compression using a nonlinear prcdiclivc

ding a l g o r i t h m  fot- wh ich  tbc  nonlincm m o d e l  W;IS

aulonnlic ally  gcnct-alcd  Llsing  a  g e n e t i c  program  riling

systClll. ‘1’bC l“CSLllting  algori(bln  czin  bc s(liligl](forw~ll-(]]y

II)appcd 10 rcconfigurablc  hadm,;irc,  Llsitlg  a s i l i c o n
c o m p i l e r  as dcscrihcd  atmvc, ‘111(1 dclllons(la(cs Itlc
f’casibilily  of sclf~config  Llt-ing hmlvwlc  to ilnagc
proccssit]g  on an aLI[(JnomoLls  spacccraf’t.

I’t-cdictitv  ((j(/it/g i s  a n i m a g e  complcssion  lccbniq  Llc
w h i c h  uscs  a compact  model of an itllagc  10 prcdicl  pixel
val  LIcs  of an image based on tbc  val  LIcs  of ncigbb(wing
p i x e l s .  A  t)l[del  01”  a n  i m a g e  i s  a fLlnction ))~(d(’1(.~,y),
which computes (prcdids)  tbc pixel value at comdinalc
(x,y)  of an image ,  givcntbc  \alLlcso  fsO1llclrc  i#/1/~(,r.\of
p i x e l  (.x,y), wllct-c ncigbbors wc  p ixe l s  wbosc  val LIcs arc
known,  ‘1’ypically,  when processing an image in ras(cr
s c a n  OKlcI  (Icf’1 (0 r ight,  top to bo((om),  n e i g h b o r s  at-c

SC ICCICCI  i’mm  tbc p i x e l s  a b o v e  a n d  ((I tbc Icf[ of tbc

cLwrcnl pixel. I;or  example,  a common  set of ncighhors
LISCCI fot- prcdic(ivc  c(ding i s  lhc s e t  ((.r-/,y-l), (x,y-/),
(X+l,y-l),  (l--l,y)].  l,itlc(itljt(’(li(ti~c  cmlittg  is a s i m p l e ,
spcci[ll  c a s e  of prcdic(i\~c  c(ding in which  Ibc m o d e l
simply  takes (I)c a v e r a g e of lbc  ncigbboring  \Ial  LIcs.
N(J///ilrctllloclclsls  assign  arbitrarily complex fLlnctions 10
the 1I1OCIC1S.

SLIPPOSC tb:l( V,C h:l VC :1 p e t - k c t  Illodcl of :ltl itl]ngc,  i.e.,

o n c  which  cnn pcrfcc(ly  rcconslt-L[ct  an image given [hc
p i x e l  val  Llc of lbc bodcr  pixels (assun~irlg  we pmccss  lhc
pixels in rasfet- ot-dcr). ‘]’hen, tbc val Ltc  of lhc bordct- pixels

and this compact model  is all tba( needs (0 bc Imnsmi(lcd

in order 10 tlansmit the whole information conlcnl  of tbc

image.  in general, il is n(ll possihlc  10 gcncratc  acompac(,
pcrfccl  Il)o(lcl  of an itllagc, and tbc mmlcl  gcncralcs  an
ctmt .~i~il((l ((he diffcrcnccs  at each  pixel  bct\vccn t h e
value prc(lic[cd  by tbc model and tbc ac(LKIl  value of tbc
l~ixclitl(t~corigill;ll  imwgc.

‘1’llcl”c  al-c tw’o  cxpcc(cd  s(JLlk.cs of colnprcssion  in

prcdic(ivc  cod ing  bmcd  itmgc c o m p r e s s i o n  (assLlnling
(1):1(  lbc prcdicli\,c  m(dci  i s  a c c u r a t e  cnoLlgt]), I:im(,  t h e
cmw signnl for cncb p i x e l SboLl[([  tl:l\’C  21 Slll~llCl”

I]ulgni[uclc (ban lbc cwrcsponcling p i x e l  i n  [k origindl

it]ldgc (tt]crcfolc  rcq Lliling fcwct  bits  10 transmit  tbc ctror

s i g n a l ) .  Scconcl,  tbc error signal slloLll(l  bzLvc less  entropy

(ban ltlc original n)cssagc ,  since (bc IIK)CICI  sboLllcl  r e m o v e

o f  lllLlctl  of” t b c  “pl”illCip:i] colllponcnts’” o f  (bc image

sign:il’.  ‘1’() complctc tbc  colllprcssion,  tbc error signal is
conlpKsscd  Llsing  a slmdml  data compress ion  lcchniqLlc
sLIcl)  as lILlffnmn coding or lbc dictionary-based l,cmpcl-
Zi\’collll~rcssiol~  :llgoritl~t~ls(  c. f’. [N(i9[~]) :~s:~’’t~~lck-cr~ cl”
Compwssot.  l)Llc 10 tbc two factors mentioned above, this
should  I-C SLII( in colnprcssccl  d;ila which  is more  comp;ic[
lhdn if lhc Imck-cnd comprcwot.  (e.g., }lLlffnl:in  c o d i n g )
bad been applied dit-cc[iy 10 lbc  miginal  image,

lf’\vc lmnsmil  this cwmprcssd  ctror  signal as \vcll  as Ihc
mo(lcl,  lbcn  a rcccivcr  can rcconstrLlct  (bc origin:ll  i m a g e
tly:llll>lyiilg  [ltlarlal()gc)Lls  (lccc)(lillg  llr()ceclLlre  (sccl~igLlrc
4.2).

F;rlcc)cle~-  (Moclel , Inlage)
f@ I- x=  o to X[[]?lx

fol- y = o  to ylnax
<,1101  [x/y] .  lnmqe[x, y] -  Moclel ( x ,  Y )

Dccocler-(Moclel  )
f e z-  x=O  t o  xmax

fc)~-  y = O to yluax

Image[x,y]= M o d e l  (x,y) +  ET”ror[x,y]
1~igurc:3.2  Alg(witbll] schcina  for prcdic(ive coding.
N40dcl(x,y)  is a function lhnl hkcs t b c  coodinatcs o f  a
p i x e l  :IIKI  wtLIIns  a prcdictcd  \’aluc  o f  (bat pixct.  lmagc

Given  an inmgc, oLlr systc]n  uscs  gcnc(ic  progmmtning  10
gcncmtc  a lisp s-cxpt-cssion  which  is a nonlincw  m o d e l
for tbc prcdicli\rc  coding,

Sinm (IK s-expressions gcncrakd  b y  t h e  g e n e t i c
programming  syslcm  arc inlcndcd  t o  bc mappd on(o a
I: I’GA, (bc SC( o f  f’Llnctions :Ind tct-jninals  \v;Is c h o s e n
ctlrcfully  [() cn;~hlc  cff’icicn( (with  respect  to  space and
Slwed) hilrdwarc  Ill flppings,

‘1’hc tcrnlinnls  usc(l for gcnc[ic ptogratlltlling  V,’CIC:



● val LIcs of’ the four ncighhming  pixels /~/I(/gO/X-
I,y - 1 ], Iltl[lgfc[x,y- 1 j, II)l[lgc[.r+  l,y - 1 ], ll)l{lgy’/.l-

1,.Y1.

● L’onslarl(  V:IIIICS  (gmcldkd  radotllly by ltlc
gcrlclic  progtammirlg  algorilbm).

~k Illllc[i(ms  USC(I  W’CIC:

● arithmetic f’Llndions (+ ,-, *,/)z

9 MI N(a,b)  and h4AX(a,b)  fLltlc(i(Jt~s which  r-Cl LIIt]
the mitlimLlm and maximum values of (heir two
argLlmc.ills, rcspccti\lcly.

‘1’bc gcrlclic  pt{)grallltnir]g sys(cm  for cvol\’irlg  models for
pt-cdictivc  cxding  image comprcssiotl  was c\mlLmld  b y
comparirlg  t h e  comprcssiorl  r:ttio3 using  (hc rcsLlllillg
mdcls ag:lir]s[ slardarcl  Iosslcss  cornprcssior~ lcchniqucs
011 a SC( of  gray scale images. ”

I;or pLlrposcs of comparing lhc compression provided by
OLII  syslcm, w c  must cor~sidct-  lhc total  size of’ t h e  data
which  must  he (r:ir]srni(lcd 10 a rcccivcr  irl o r d e r  (0 allow”

lhc  Iosslcss rcconslluclion of (IIC originnl image.

A s(mdmd back-end cornprcssiorl  algorithm needs (() bc
applied 10 lbc clrol image. l;or  this cxpct-ilncn(,  wc LIscd
the lJr~ix col~~pw.~.~  u(il ity, which  appl ics adaptive 1.crupcl-
Ziv cmxding (() a t’ilc.s 111 addi[ion,  nok (hat g i v e n  lhc
four pixel ncigbhot-hood we use, the pixel values of Ibc
twdcrs ot’ tbc i m a g e ,  i . e . ,  (IK top r o w ,  tbc Icftmos(
col LIIIln, :IIK1 (k rigb(mosl  column  n e e d  (0 hc slorcd

diwc(ly (Ihcsc arc Ihc  horclcl- cases Ior which  wc ran not
apply  (hc predictive model). Also, (bc rnodcl (which is
Llrliq Llc for e a c h  i m a g e )  musl also  bc slord irl (IIC
compr-csscd  image data.  Wc appl icd ~Jr~ix co~~tprc.~s (o (IIC
border pixels and tlic model, and cor]ca(cn:l(cd  these (() the
colnprcssccl  cl-t-or signal.  I;imlly, (wt) in(cgcr  v[ilucs
indicalir~g lhc si~c ot” (IIC image (Ilcight,  width)  were ddcd
10 the file. ~Jivcrl this data,  we can  rcconslrLlcl  an image
wi(hoLll  I(NS of illlorlll:ilic)]l.(”

‘1’hc followii~g  irnagcs  were ud Ior c\aluati(]n:

● d.YII-fa//:aI)  im:igc of’ faul( Iincs arid cl Llstcrs of
\’olc[lnic domes, r:mging  from I.5 to 7.5 km in
didmclcr,  011 Ihc SLllf:lCC  of VCI1lIS.

● carltl-\’icar:  a szl(cllilc image of tbc car(l)

IJor each image, Ibc gctlc(ic  I)t(]gl:illllllirlg  systcm  \\Jas rLrrl
o n c e ,  \viltl a populatiorl  of 2000  and tbc r] Llmbcr  o f
gcncrd(ior~s set (() 10. Olhcr  paramclcrs (e .g . ,  were  scl 10
st:indard  v;il LIcs as dcscribcd irl [K07,92]).

‘1’hc cotllprcssiorl  ratio  of Ibc t’ollo\\irlg”  a r c  showm ir]
‘1’able 3. I

● c~wl~’rd: ‘1’bc c\Iolvcd  prcdic(ivc  coding
cornptcssiorl  algori(tlrn

● CA[JC:  A SINC of tbc art losslcss  image
con~prcssior~ algori(llm,  dcscrihcd ir~ [Wh497].

● G/l;:  Glt; conlprcssion  (a s(andard  I(MSICSS  image
conlpressior]  lcchr]iq Llc).

● ./l’l~GI..S:  ‘1’hc rcccl~(ly cs(ahlishcd  I(MSICSS  J1’liCJ

s[andwd  (Iormcrly  ki]o\vI)  as 1 ,0(’01)

I
cwlll-vic:ir 8759 I 52891 50763 38171

dsr~-(: ill 783232 22362.4 171537 144338

‘1’alk  3.1 Chtnprcssiml  algori(hln  pcll(mmarlcc  orl t w o
scicr~cc irl~agcs (file si~c in hy(cs).

}:igLlt-c 3.3 shows  a sample rlo]llirlc:lr model (s-cxprcssior])
c\olvcd  hy (hc gcnctie  l~t-ogl~llllt\~iI~g sys(cm  f o r  a t e s t
image.

As ‘1’able 3.1 sb(nvs, lhc Lx)tllprcssiorl ratio  using  lhc
cvol\d  ]nodcls  is, sLlpctior 10 the  o(hcr  mclbods  fot  lhc
(es{ inmgcsLiscd  irl (hccxpcrimcnts.  Note (hat the evolved
rll(dcls y i e l d  a signific~Lnt  impt-o\’clncr~( o v e r  ~AI .1(2,
which  i s  currcnliy tbc bcs( knoww Iosslcss  i m a g e
colnprcss  ion algorithm. f; LllLhcrtn  ore, lhcsc  rcsulls  w’crc
ob(aitlcd  \vithoLl( any spccidl  tuning  01 algorithm corlttoi
p:uan)ctcrs for the gcnclic  programming (it is \vcll kt]owtl
(1):1( 10 nmximizc  pcrformzirluc  f o r  a par(icLll:ir ploblcm,
(Iw cotlttol”  piwamclcrs  for gcnc{ic ptogtamming sLlch as
popLllafion size, cI”Lmsovct’ t“dk, C(C. need to bc tLIIlcd for’
Ihc p:wLicLllal  pl-oblcll~ domait l).

}lo\\Jcvct,  il stloLrld bc noted lIM[ (hc gcnc(ic  programming
syslct]] t:ikcs sc\’cr;ll (dcts of” magtlit  Ldc m o r e  l i m e  10
cvol\Jc a ]nodcl that achicvcs  its sLlpcriot-  ICSLII(S  ( s e v e r a l

h o u r s  pcr image)  than lhc ()(IIcI  a p p r o a c h e s  ( w h i c h  rLln in

a fcw Sccol)(ls).

It) ;Lddiliorl,  lhc pcr-form:mcc ol’a Lwmprcssiorl a l g o r i t h m
dcpcds l a r g e l y  01] (1]c CI:LW of imdgc  (() \vhicll it i s



.- :Ipp] id. AllboL@  0111 ICSLI](S  :IIC VCl”y ploll)i  Sing f o r ”  the

sc[ o f  test itwigcs w c  use(l, a  wiclcr  rat]fgc  o f  test iil]agcs

WXCIS 10  be LISCCI,  W e  are cLIIIcrIlly  Irying 10  oblain  lbc set

o f  bcncbm:wk  imgcs  u s e d  f(w (be “Ncx[  Gcncr:i(i(m
I mslcss  G)l))pcssion of (’(Jt~(ii]ll(JLls-to(~c  Still }’ictums’”
cfk)rt  b y  the 1S0  (I SCMIi~  J’1’~ 1 N2395)  at](l CV:IILI:I(C
oL1l- appmacb  using  (his s([itldwd image  SC(.

II) Imc(icc, the cvolvablc  bmdwarc  apprwicb  i s  Iikcly 10
t)C 1)10S( USCfLll  ill :~ L’OI1(CX(  ill WtliL’b  d kll”~C  llLllllbCl” o f
im:lgcs  from  (be s:imc  cl:tss  n e e d  to bc compressed  d
tmnslnitkd.  As m cx;]mple,  w e  cnvison  (be f o l l o w i n g
scenario:  consider ~ deep spncc  probe  wbicb  needs 10 send

lbousands  of similar ilnagcs  (e.g., d(mosptlcl-ic images)
f r o m  the mission  target  (s:iy, J’ILI(0)  back (o }Mb, ‘1’hc
probe  woLIICi  first sample  H f c w  i m a g e s  :IIKI CV()[VC  a s i n g l e

m)nlincw  prcdicli\’c  model  which is Iikcly  10 pcrl(wIN  well
for  (be SC( of imgcs (b;~t ncc(l  (o bc (r;~nsmi(tcd. ‘1’bis
coLIld be mbicvcd,  for cx:~mple,  b y  :1 siil~plc  m(dific~(ion
10 (JLM syslcm  in wbicb  lbc e v o l v i n g  m(dcls arc scorcct
:lCColdill~  to tbL’il  :lVC121~C  pClf(ltllElllCX  011 ~ Slll~ll  SLlbSC(
of lbc images, la(tlct than ot~ a single itnagc.  ‘1’bis model
wOLI]C[  tbcn be mappecl  on(()  Ibc or)-board”  10WA  Llsing  tbc
silicon  cwtnpilcr,  ~nd tk cn(itc  SC( of inmgcs  wmld bc

c o m p r e s s e d  Llsing  this model  nml tr:~nsmittcd  br i ck  to
lidl’(b  An :ll(Cl”ll:t[C  S(l”il(C~y  WOLlld  bC ((I doWlll(d  ;1 f C W ’
silmple  im;lges  tmck to lkrth, where  n(~nlinc;ir  model  is
evolved  1(M :] s:ltnplc  o f  the imgcs Llsing  :] bi.gll-
pClforllKlllCC  ~loLllK-b:lSCCi  L’0111P11(CI,7  :111(1  iS Llpk):dCd

b;ick  to (be spxccr:ll’1.  ‘1’tlis  upl(mled  model  i s  Ibcn
lll:lppCd  011 ltlC oil-board  IJ1)~JA  d LISCd to LX) IIIPICSS :111
the itnnges,  which  ZIt-c  then sent hack  to lkrltl. W c  w i l l
invcs(igdc  (his sccnwio  fLlr(tlcr  in fLltLlrc  work.

( -  (+ ( -  X4  0 . 4 9 1 1 5 )  - 0 . 6 ’ /  6 9 1 )
(/ (+ (- (+ (+ X2

(- X4
(- xl xl))) X4) xl) X4)

(+ (+ ( /  - 0 . 0 6 9 8 2  - 0 . 1 8 ’ /  6 1 )
(-I X4 - 0 . 4 6 0 7 1 ) )

(/ x 4
(+ - 0 . 7 3 1 8 ” /  x 4 ) ) ) ) )

l~igLlrc:3.3  I;\,(Jlvccl  s-cxplcssion  for ii nonlinc:ll
ptcdiclivc  model of the Lwc im:]ge

4. CONCI,LJSIONS/F[  J~’LJRIi WORK

● }’rmf Of cmnccpl i[lll>lctllctlt:~tioll  :~rd c\,2il  Lmlion  ofzi
Sof[wwc  pl’(mypc of tbc genetic  ptogmmming
L’olll[loll Cllt”  (If :111 c\wlv; ~blc bnld Wlll”C SyStC Ill kt
Iosslcss  itlmgc comp[-cssion, ‘1’bC lCSLl[tS  :IIC qLlitC
IJrotl]isitlg(  cotllllrcssiotl  I:iliosbc(tcrltlzltl  sl:ilc  of ’lbc
:W I(wlcss  ;Ilgorilbms  were :Icbicvcd),

W c  inlcd  to extend this work in scvcl;il  diwctions,  W c
w i l l  ilnplclncnt  tbc translator ~rom  I,isp s-cxprcssi(ms  I()
Sitngc cIatttllow,  e x p r e s s i o n s ,  wbicb will cnabtc  L I S  10 LISC

lbc }IY1’I~R  silicon  c o m p i l e r  :itd pro\’idc  w i t h  LIS  a

con)plclc,  digild c\’ol\’:it>lct  l:ircl\\,:irc  syslcm  fr:ltllcwr(lrk.

A  p:it(iculnt-ly i n t e r e s t i n g  rcscwcb  topic  i s  (be
optimimtion” of bmlwwc  iilll)lctllcrlt:llic)tl.  lixplot~tion  of
(his topic  is iikc[y  10 y i e l d  ICSLI!(S  ltm( :lIC :Ippliczlble not
ot]ly 10 c\’()]\’:iblc  b:lrdw’:irc  fol sp;we :Ipp[iciltions,  bLll for
clcc(ronic  design :iLltom:l(i(~r~  (VISI ~AI))  in gcncml.

‘1’hc  work on the prototype  Iosslcss  inmgc  c o m p r e s s i o n
L’:In bc cx(cndcd  i n  ii nLlmbcr  \\’dys,  A(kli(i(m:l[
(’lltlclioll/lcrlllit];ll s e t s  car) bc used for lbc .gcnclic
progranlulitlg  s y s t e m .  O f  pat(icLllat  inlcrcst  i s  lbc
discovct-y of a scl of minimal fLlnclior]s  which  prov ide
g(xxt compression aid arc p;wficularly  :imcnable  to I~PGA
mq)pir)g.  W i t h  rcspcc[ to altctmativc  tcrlninol  s e t s ,  I b i s
w(wk I\’ill  bc foCLISCd  011 (bC LIsC of difl’ercn(
ncigbborbods (recall  Ibat we Llscd a simple  4  pixel
ncigllborbood  forl>rcclicti\’cc oclirlg).” WccLIruJnlly  apply a
single  m(dcl to (be cr~tiw im:~~c, ot)e way (O obt;lir] b e t t e r
compl-cssiol~” is (o split tbc images  into blocks  (e. g., 32
pixel by 32 pixel bloclm) atd cvol\,c  ascpardc model  for
cacb  block.  W c  note tlm( by qLm~(izing  (IIC error  signzll,  it
i s  pmsiblc  10 pcrl’orm lossy  inmgc  colllprcssi(~n,  :1 rcl:ltcd
pt-oblcnl with Irony  pr;lcticd  :lpplic;~tions,

l;imlly,  WC w i l l  cxlcnd (be su)pc  of our  invcslig:l(ion  by
q>plying  OLII  :\t-cl  Iilccl  Llrc 10 otbcl  inmgc  pr(wcs  sing
:Ilg(wilbms  sLwb  :ls edge dctcctiotl

lt] addiloitl  to digilal  cvol\fablc  hardware, wc arc  cLIrIcn(ly

dcvclopir~g a[l:ilog digilai  badwmle.  “l’bet-c is cLIIrcillly no
sldld:llll rcconfigLlt’able arldog pkLtfO1lll  ( i . e . ,  tbc
cqLliva[cnt of an l~l)CJA  i n  tbc :m:il(~g  dom;  iin). “I’tlL IS, \!’c

alc (lc\’clopit]g  c:ln(lidil(c  r-cconfigur:iblc  :ltmlog b~rdwklrc
plnllollns  which cdl) bc LISCd :1s tbc foLl(ld211ioll”  for almlog
Cvolv:lblc  h:ll”dw;llc.

Ano(hcl  diucc(iotl ttm( we st:wtcd e x p l o r i n g  it] CVOl\r:LblC
bardwwc  isrcl[ltcd toe\ ’ol\’itlgco lllI>lcxcly rl:ltllic syslcms
(\villl a p p l i c a t i o n s  for cxatnplc  to Spaccclaft  control”
ptobtcms).  Wc t]:l\cclc\ctc)I>ccl  an algoti(tltll\\llictl  nMkcs
LISC of d rapid I y l“CCollf  l~Lll”:ltl]C ;Illil  log colllpLltC1



t implcmcnling dynamic Sys(cms, A Sla[c-space
clcc{)l~~l>[)silic)t~ 01 the dynamic syslctll  is made, and lhcn
local ol~(illliz,:itiorl,”  (h i l l  climbiog)  is oscd 10 oh(:lin t h e
dcsilcd hclui\’ior  (i.e., the con[ml  prohlctl]  sol Ll[iorl). Wc
ha\c d e s i g n e d  ad implcmcn(d a hoard  Icvcl pr-t)lolypc
fot- lhc a b o v e  Imrdwarc  archi(cdurc. ‘1’hc currcrl(  b e a d
Icvcl pt-o[olypc c:II1 swilch  among  2048 corlfigLlla[iorls
(1 ills/col]tigLtrilli or~).” Wc have dcmor)s(tit(cd  the LNC  01 this
md~itcclLltc for a fLlncl ior] ;Ill[lroxilllaliotl” ptotdcm,  111

additior~ (0 cvol  vablc  hadw,arc, this Imrdwarc  catl bc used
itl a Iargc \’aric(y of’ applicati(ltls,  c,g, as analog  n]ath LX-
p r o c e s s o r  km I)hysiczil  scicncc  sinlLtl:itions,  10 pcl-l(wm

~c]iLIlaI Ncutal Nclworks slylc I’;tsl image  p r o c e s s i n g ,  c(L’.

We arc cxlcnding this \voIk  :1s follows:  wc m extending
t h e  ahovc  simul:l(ion  w(wk,  hcyotd  lhc f’unclion
:Ii>[>toxitl];ltiot]” slagc,  10 evolve LX)mplclc dynamic  syslctl]s
osing  lhc atx)vc  s la te-spare  (Iccotl]llosiliotl  mclhod.  W c
will (cst the aho\Ic  tcchr~iqLlc hy evolving cc~I~(Iol prohlcm
hcllcl)mm”ks.

Kom et al. [ KoXM] lm\Ic evolved  ill sinlula(ior~ a \’w’ic(y
01 analog  c i r c u i t s .  [In f’orlut];  ilcty,  lhcir  :lppmlch  c:irl not
hc used dircc(ly  f(M c\wlving in hmlw~irc.  Also, currently,
(tlCIC  is llo l“CC(Nlfi~Lll:lblC  illl:lk)~ hdW:ll”C  SLli@h[C  f’ol
C\WILl[iol)  (i.C. Wi[t) C1loLl@  l“CSOLIICCS  :11)([ fdSt

tccollf[gLlr:l(iol)).”  W c  ale ir)vcs(igaling  lhc clcsign and

cvolulion of  an  c~wl~wblc  C;AIO.Y C//i/).

W C lmvc pcrlormcd ~ series 0[  designs :Ind simLll:ltions.
Wt)cll  (11C Scalch Sp[lcc  w a s hoLllKIC(i by (tlC lllllUhCl  o f

comporlcnts” a  priori k[lowm :1s t h e  mininml  rlLlmhcr of
componci)(s  ptovidirlg  lhc dcsit-L’d functiorlali(y,  cvolu(iotl
irl lhc space 01 electronic componcfl(s  proved  hind. l;or
krlown circui(  topo]ogics” wc evolved  the vdlucs  [or c:lch
PMOS/NMOS  trarlsistot’s chtinncl  Wid(h  :Ind 1,cnglll.  W c
:irc CLIt-I-Cnlly  dc\clo  ping :It) 211 Ctli(CCtLll”C  (kit \\’OLl[(i

sLIppoIt  suctl it]ll)lct])cllltlliol)  atKl w c  w i l l  al[clnpt  a

s i m u l a t e d  cvolLltion”  on  (I)c  clcsignccl  c\olvablc  CIMOS
ct)ip. “1’tlis approncl) will ctlahlc e v o l v i n g  aoalog  circ Llits

(Iit-cclly  in tuuxlwatc.

‘1’hc research dcscribcd in this pqcr was pcrlolnnccl hy (I)C
~cn(cr i’01-  S p a c e  Microclcc(rooics  ‘1’cchnology,  JCL
l’r(~pLllsion  1 ,:lhom(ory,  ~lilil(wtli~  lnslilLllc  of ‘1’cchnology,
:~tlcl  wws spons(wcd  hy (hc JP1, I)ircdor’s I)iscrcti(mnry
IJLIIIII.

[ } 1 ? 1 S 9 7 ]  } 1 .  llcmmi,  ‘I’. lIik:igc, ~Ind K .  Shimohara.
Adam:  A  hmdwarc cvolLltioIlal”y” systcu), Irl ll;Efi

/)]t[’}}}(/[io)l(/l  (.’()}!ff’rcll(c  0)1 f5’\w/tlfic)ll~/ry  (()})i])llffrfi{))],
p+gcs  193-196, 1997.

[11ii85]  }’. }Iilfillgct’. A  high-[cvcl  lnogLKlgc d silicon
c(~mpilcr lbr digital  signal  processing. In f’rctcceditlg.t  of
tlic 11<[([< 198.5 Cllslottl Itltcgtntcd Citr[(its Cot! fc’tctlcc,
p;lgcs 213-10, 1985.

[J{;{  ;+92]  1).  Jcfl’cw)n,  R, Gllitls, [’, Ompcr,  M .  I)yct,
h4,  ~;i(l\\’CL’S,  ~. Kort’,  ~. ‘1’aylor,  ard A .  Wat]g.  ~ivolLlliorl
as a (hcmc in :lr(i~lcial life: ‘1’hc .gCncsyshrackci  systcm.  111
[’. I.zmglotI, ~. ‘1’ayior, J .  };:II’IIICI’, ard s. kiSlll LISSC1l,

cdi(om,  Attifici(ll I,{f~’ //, pages 549-577. Addison-Wesley,
1992,

[NIM’97]  N, Mctlwtl  at]d X. WLI, Rcccr]t progl’css ill
losslcss  image coding.  7J/c (’ottjpl{tct  ./ol/t7)(/1, to appcflr,
1997.

[Nit?’ar]  N.  Mc1lK)ll atKi  X. WLI.  1. OSSICSS  comprcssi(m.  It]
(“t{(~ Jlfltldl)()()k ~!f C{)t)lttl{ftji[c{ti~)tr. I 996 (to appcat’).

[NG!X]  h4. Nclsotl  :II~d J - t . .  Gailly.  7~lc Ihta
C’f)ttl/)t(s.si~)ll lif)ok (Lvccotrd  cdili{)tl).  l14&’1’  Ilooks,  1996.

[’lho!)(ia]  A, “1’hompson.  AtL e v o l v e d  cit-cLlit, ir~tri!mic in
silicon, ctll\vitlcd  in physics. 111 /tlf(’tt/(/ti(~t/(/l  Cot!f~’t”ctlcc
cm I;IY)lIwI)Ic  .$~.vlcttt.!. Springct  Vctlag 1,CCILIIC  N o t e s  in

[’OII)pLIlcI  Scict;cc,  1996.



4

[\$’h197]  X. WLI  nnd  N .  Mcmon,  ~ontcxt-h:iscd,  adap[ivc,
10 SSICSS inmgc codes. IEEE 7t([t/.Y([(li(Jtl.v 01/

C{Jt/tl/illllic~/fi{~lt.$, 45(4), 1997.


